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Introduction
The fifth generation (5G) of mobile communications are targeted to offer significantly increased signal transmission capacities, massive machine-type communications and ultrareliable low-latency real-time services. To implement 5G networks, a large number of unprecedented technical challenges must be addressed across all layers. In terms of costeffectively realizing 5G fronthaul links that interconnect multiple cell-site-located remote radio heads (RRHs) with a centralized baseband unit located in a protected location, passive optical networks (PONs) are considered worldwide as one of the most important candidates.
As the PON-based fronthaul links should be capable of providing flexible and elastic performance characteristics and dynamic reconfigurablity, highly adaptive signal transmission techniques are thus vital to ensure that the link performance is always optimised regardless of the dynamically changing network connection status. Furthermore, it is also widely envisaged that the initial stage of 5G should have sufficient transparency to 4G. As such, orthogonal frequency division multiplexing (OFDM) is still a promising signal modulation technique for 5G because of its unique features including, for example, high spectral efficiency, excellent performance adaptability and cost-effectiveness [1] .
To further improve the OFDM transmission performance characteristics to satisfy the aforementioned 5G requirements, numerous OFDM variants have been proposed recently, which can be divided into three main categories: Category 1 -joint subcarrier and symbol encoding-based OFDM such as set-partitioned OFDM (SP-OFDM) [2] , which enhances the bandwidth granularity for subcarriers suffering low optical signal-to-noise ratios (OSNRs); Category 2 -OFDM signal multiplexing such as wavelength division multiplexing (WDM) and space division multiplexing (SDM) [3] , [4] , which improve the signal transmission capacity; and Category 3 -extra information-carrying dimension-based OFDM such as index modulated OFDM (IM-OFDM) [5] , which increases the transmission performance flexibility and its susceptibility to low signal to noise ratios (SNRs). In this category, dual-mode OFDM (DM-OFDM) [6] and dual-mode-aided OFDM with constellation power allocation (DM-OFDM-CPA) [7] have also been proposed recently for wireless networks. More recently, a survey on the IM technique has been published in [8] , where its advantages are summarised in terms of energy efficiency, hardware complexity, system flexibility and performance robustness against inter-channel interference (ICI). Nevertheless, for practical cost-sensitive high-speed 5G optical fronthaul application scenarios, the Category 1 and Category 2 techniques suffer significantly high digital signal processing (DSP) complexity and transceiver hardware complexity respectively. Whilst for the Category 3 techniques, the achievable signal transmission capacity and spectral efficiency are halved compared to conventional OFDM, because almost half of the subcarriers are deactivated.
As a combination of the aforementioned three OFDM categories, a DSP-based signal transmission technique called subcarrier index-power modulated optical OFDM (SIPM-OOFDM) has been published in [9] , where the combined subcarrier index and subcarrier power acts as an extra information-bearing dimension for carrying additional information bits. In SIPM-OOFDM, subcarriers of high and low powers assigned according to an incoming data sequence are encoded with 8-PSK and QPSK, respectively. To further increase the SIPM-OOFDM signal transmission capacity by more effectively utilizing high power subcarriers, a further improved variant of SIPM-OOFDM termed SIPM-OOFDM with superposition multiplexing (SIPM-OOFDM-SPM) has also been proposed and investigated [10] . In SIPM-OOFDM-SPM, the low power subcarriers are still encoded using QPSK, whilst the high power subcarriers use superposition multiplexing (SPM) to passively add two different signal modulation format (for say, 8-PSK and QPSK)-encoded complex numbers, and the resulting sum is then assigned to the subcarriers. Therefore, compared with SIPM-OOFDM, the effective usage of high subcarrier powers results in a 28.6% increase in signal transmission capacity but without increasing the DSP and transceiver hardware complexity.
Following a similar technically logical path, it is easy to raise an open question as to whether SPM can be applied on both low and high power subcarriers.
Here it is worth highlighting the fact that in IM, SIPM and SIPM-SPM, various types of energy-free information-bearing dimensions are introduced to convey extra information bits in order to further improve the signal transmission capacity, energy consumption efficiency and system flexibility. However, in IM, only a fraction of certain indexed resource entities are activated for data transmission, whilst the remaining entities are deactivated [8] . In contrast, SIPM and SIPM-SPM always keep the indexed resource entities active, thus leading to the maximized information transmission potential associated with both the newly introduced energy-free information-bearing dimension and the conventional informationbearing dimension.
The thrust of this paper is to address the open question for PON-based fronthaul systems based on intensity modulation and direct detection (IMDD). We propose, for the first time, a new variant of SIPM-OOFDM-SPM, termed SIPM-OOFDM with dual superposition multiplexing (SIPM-OOFDM-DSPM). Compared with SIPM-OOFDM-SPM, the SIPM-OOFDM-DSPM encoding procedure on high power subcarriers remain unchanged, whereas SPM is also applied on low power subcarriers by assigning the sum of BPSK-and QPSKencoded complex numbers. Therefore, compared with SIPM-OOFDM-SPM using similar signal modulation formats, the proposed technique enables an additional 11% increase in signal transmission capacity with the transceiver DSP/hardware complexity still preserved.
SIPM-OOFDM-DSPM Transceiver Design
In SIPM-OOFDM-DSPM, the encoding process is similar to SIPM-OOFDM-SPM, where for an incoming PRBS, when a ''1'' bit is encountered, the corresponding subcarrier is set at a high power level, as illustrated in Fig.1 , and the following 5 bits from the PRBS are truncated, of which 3 are encoded using 8-PSK and the remaining 2 bits are encoded using QPSK. Afterwards, these two 8-PSK-and QPSK-encoded complex numbers are added together. This process refers to as the SPM operation. On the other hand, when a ''0'' bit is encountered, the corresponding subcarrier is set at a low power level and the following 3 bits from the sequence are truncated, of which 2 bits are encoded using QPSK, and the remaining bit is encoded using BPSK. The SPM operation is then performed again by adding these two QPSK-and BPSK-encoded complex numbers together, the resulting sum is subsequently assigned to the low power subcarrier, as illustrated in Fig.1 . The ideal SIPM-OOFDM-DSPM constellation is presented in Fig.2(a) in which, for high (low) power subcarriers encoded using 8-PSK-(QPSK) and QPSK (BPSK), DSPM produces four (two) information-carrying satellite constellation points surrounding each virtual 8-PSK (QPSK) point. This gives rise to a total of 32 (8) information-carrying satellite constellation points for high (low) power subcarriers. This indicates that SIPM-OOFDM-DSPM uses low signal modulation formats including 8-PSK, QPSK and BPSK to achieve a signal transmission capacity identical to SIPM-OOFDM encoded using higher signal modulation formats such as 32-PSK and 8-PSK.
It is worth mentioning that SIPM-OOFDM-DSPM can be implemented using any signal modulation formats with circular constellations.
It should be noted that since the QPSK modulation format is used on two subcarrier power levels, the optimum 34º QPSK (BPSK) initial phase setting with respect to 8-PSK (QPSK) reported in [10] is still applicable in SIPM-OOFDM-DSPM for all subcarriers.
Moreover, as illustrated in Fig.2(a) , a phase rotation of ±90˚ should be applied to the BPSK constellation points which are superposed with either the '01' or '10' encoded-QPSK point in order to maximize the difference between two subcarrier power levels. As a result, the overall constellation for low power level subcarriers is very similar to 8-PSK, but this offers additional transmission performance advantages, as discussed in Section 3.
To optimize the SIPM-OOFDM-DSPM transceiver parameters, a parameter α is introduced, which represents the ratio between high subcarrier powers and low subcarrier powers. For a fixed total electrical signal power, Fig.2 (b) is plotted to investigate the α-impact on the system bit error rate (BER) performance. In simulating this figure, additive white Gaussian noise (AWGN) channels are considered with three SNR values varying from 20dB to 24dB. It is shown in Fig.2(b) that the lowest BER is obtainable when α is approximately 8, and that the optimum α value is SNR-independent. For α values lower than 8, the BER rises sharply, this results from the fast decrease in the subcarrier power difference between the high and low power subcarriers. Whereas when α exceeds 8, a relatively slow rise in BER is observed due to the reduction in the minimum Euclidean distance of the 8-point constellation taken on the low power subcarriers.
To decode the received signal in the receiver, the subcarrier power detection and threshold decision DSP functions detailed in [9] , [10] are still employable for this technique.
These DSP functions that are located between the fast Fourier transform (FFT) and channel estimation and equalization, first calculate the optimum power threshold for each individual subcarrier, by making use of a training sequence that is periodically inserted into the user data sequence in the transmitter. The subcarrier power threshold, Pthreshold, is defined as
where P8-PSK+QPSK (PQPSK+BPSK) is the lowest (highest) subcarrier power of the high (low) power subcarriers. In the SIPM-OOFDM-DSPM decoder, the decoding approach used in The SIPM-OOFDM-DSPM transceiver architecture and the IMDD PON transmission system considered in this paper are illustrated in Fig. 3 . As seen in this figure, major DSP functions involved in the SIPM-OOFDM-DSPM transmitter are almost identical to those employed in SIPM-OOFDM-SPM [10] . Based on the transceiver architecture and the abovediscussed SIPM-OOFDM-DSPM transceiver design principle, it is easy to understand the following unique features associated with the proposed SIPM-OOFDM-DSPM technique.
These features are summarized below:
 High signal transmission capacity enabled by low signal modulation formats;
 Enhanced transceiver flexibility because DSP logic resources remain almost constant for various transmission techniques including SIPM-OOFDM, SIPM-
OOFDM-SPM and SIPM-OOFDM-DSPM;
 Improved performance adaptability. For different transmission system requirements, simple DSP modifications result in dynamic variations in system transmission performance characteristics (signal bit rate and system power budget)
to ensure that the optimum system performance is always delivered regardless of traffic/network status.
 Low DSP and hardware transceiver complexity. For a specific transceiver architecture, an increase in signal transmission capacity does not require any significant increase in DSP complexity. In terms of hardware, the transceiver design identical to SIPM-OOFDM-SPM [10] is still applicable here. On the other hand, in terms of DSP complexity, the same simple DSP functions used in the SIPM-OOFDM-SPM transmitter and receiver are also used in this technique.
SIPM-OOFDM-DSPM Transmission Performance
Based on the SIPM-OOFDM-DSPM transceiver architecture shown in Fig.3 , the optimum parameters identified in Section 2, and the operation parameters listed in Table 1 , the transmission performance of the proposed technique is investigated in this section.
Throughout this paper, the optimum clipping ratio, quantization bits and DAC/ADC sampling rates are fixed at 12dB, 9 bits and 12.5GS/s, respectively [9] , [10] . As shown in Fig.4(a) , compared to SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM has an almost identical peak-toaverage power ratio (PAPR) cumulative distribution function (CDF) curve. As a direct result, the same optimum clipping ratios between these two techniques are observed in Fig.4(b) . It can be seen in Fig.4(b) that the optimum clipping ratios of 12dB give rise to minimum BERs for both techniques. In calculating Fig.4(b) , an AWGN channels with a SNR value of 22dB is considered.
By making use of the signal bit rate calculation formula reported in [10] , the SIPM-OOFDM-DSPM signal bit rate can be easily computed and compared with other transmission techniques of similar nature, as summarized in Table 2 . In this table, it is shown that the proposed technique gives rise to a signal bit rate of 29.73Gb/s, which outperforms (8- The error propagation-free approach reported in [9] , [10] is also applicable in this technique. In this approach, the signal modulation formats taken on each individual subcarrier are compared between the transmitter and the receiver. A difference in signal modulation formats indicates the occurrence of a subcarrier power detection error, the corresponding error bits conveyed by the subcarrier are removed, and a corresponding number of random bits is added (removed) when a lower (higher) signal modulation format is detected in the receiver compared to the transmitter [9] . As shown in Fig.5 , when applying such an approach in SIPM-OOFDM-DSPM, the same impact resulting from excluding error propagation in SIPM-OOFDM-SPM [10] is also observed here where an SNR gain of approximately 1.0dB
is achieved. In the remaining parts of the paper, error propagation is excluded in both SIPM-OOFDM-SPM and SIPM-OOFDM-DSPM.
Based on the fiber transmission parameters identical to those reported in [10] , a VPIphotonics simulation model is used here to investigate the 29.73Gb/s SIPM-OOFDM-DSPM transmission performances over 25km SSMF IMDD PON systems.
In this paper, an ideal intensity modulator is adopted which produces an optical field output signal, SO (t), having a waveform governed by
where Se (t) is the electrical driving current of the SIPM-OOFDM-DSPM signal with an optimum dc bias current being added. In the receiver, a PIN with a receiver sensitivity of −19dBm is also employed with optical launch powers fixed at 5dBm. Both shot noise and thermal noise are considered, which are simulated utilizing the procedures similar to those presented in [11] .
In Fig.6(a As seen in Table 3 , the DSPM-introduced 11% increase in signal transmission capacity causes only 0.9dB changes to the system power budget for a specific BER . This table also shows that, in comparison with the 32-PSK/8-PSK-encoded SIPM-OOFDM technique capable of offering a signal transmission capacity identical to SIPM-OOFDM-DSPM, the proposed technique improves the system power budget by 1.8dB. Table 3 also shows that, in comparison with 16-PSK-encoded conventional OOFDM, a 25% increase in signal bit rate as well as a 1.7dB gain in system power budget is achieved. Finally, the SIPM-OOFDM-DSPM constellation obtained after equalization at a BER of 1.0×10 -3 is illustrated in Fig.6 (b).
Conclusions
As 
